Organophosphorus compounds are the most widely used insecticides, accounting for an estimated 38% of total pesticides used globally. Chlorpyrifos is known for its significant use in agriculture; although chlorpyrifos is defined as a moderately toxic substance, its residues create detrimental effects to the environment. The intermediate metabolite of chlorpyrifos, 3,5,6-trichloropyridinol (TCP), is strongly resistant to microbial degradation, making its toxicity to the environment much more significant than chlorpyrifos itself. Unfortunately, the environmental and toxicological problems of TCP is not internationally and domestically consistent. It is agriculturally important to determine the degradation pathway of chlorpyrifos, detect its microbial metabolites, and subsequently find efficient methods to repair chlorpyrifos contaminated soil. In order to degrade chlorpyrifos and its intermediate metabolite TCP simultaneously, the methyl parathion hydrolase gene (mpd) and the TCP degrading gene (tcp3A) were connected to plasmid pET-Duet to generate plasmid pETDuet TM -mpd-tcp3A. The plasmid pETDuet TM -mpd-tcp3A was then inserted into E.coli BL21 (DE3) to construct a genetically engineered strain, capable of the co-expression of methyl parathion hydrolase and TCP hydrolase. This study provides an efficient strategy to biodegrade chlorpyrifos and TCP by the construction of a genetically engineered strain of E. coli. Using the initial enzyme to degrade chlorpyrifos and TCP , the degradation rate can reach 68.8% and 47.9% in 100 minutes, respectively.
Introduction
Unlike other organophosphate pesticides, the intermediate metabolites of chlorpyrifos exhibit strong inhibition to microbial degradation. Since the first experimental use of chlorpyrifos in 1965, few chlorpyrifos and TCP degrading strains have been reported. The first reported chlorpyrifos degrading strains, Flavobacterium sp. [1] and Pseduomonas diminuta [2] ,were derived from diazinon and parathion contaminated soil. Chlorpyrifos was degraded in liquid by a co-metabolism pathway, but could not be used as the sole carbon source by degrading bacterial strains. TCP has antibiotic capabilities, causing the chlorpyrifos degrading stains to be inhibited in soil. In alkaline soils, chlorpyrifos was converted to 3,5,6-trichloropyridinol by a co-metabolism pathway. In order to rupture the TCP pyridine ring, chlorine ions must be removed; the biodegradation of chlorpyrifos was inhibited by the toxic inhibition of microorganisms by chlorpyrifos and TCP [3] . Most previous studies have simply confirmed that chlorpyrifos is converted to TCP by the degrading bacteria, but TCP was not mineralized further in the environment [4, 5, 6] . Although this conversion removed the toxicity of chlorpyrifos in the environment, it produced the toxic compound 3,5,6-trichloropyridinol (TCP), which cannot be utilized by microbes themselves [7, 8] . Because TCP strongly inhibits microbial communities, as the chlorpyrifos degraded, a secondary pollution of the environment occurred. The current study provides significant progress in the study of widely used pesticides, and their harm to the ecological environment due to intermediate metabolites produced in the degradation of chlorpyrifos, which has recently attracted widespread attention worldwide [9] . Microorganisms degrade a large variety of pesticides, and are thought to be a significant future development in solving pesticide pollution. Chlorpyrifos, one of the most widely used organophosphorus insecticides, is difficult to degrade in the environment. Few microorgannisms which are capable of degrading chlorpyrifos have been isolated; some of the rare examples are Micrococcus sp [10] ., Enterobacter sp. [11] , Stenotrophomonas sp. [12] and Sphingomonas sp. [13] . However, TCP cannot be degraded by these bacteria. Previously, only two bacteria shown to degrade TCP have been isolated (Pseudomonas sp. and Alcaligenes faecalis), both of which which can degrade TCP completely under controlled laboratory conditions. Previous research on Pseudomonas sp. demonstrates that the TCP degradation mechanism is a synergistic effect of ultraviolet and microbial degradation, through a reductive dechlorination pathway.
Current research indicates that chlorpyrifos degradation was extremely slow under natural conditions, and the restrictive factor for chlorpyrifos degradation by microorganisms is the inhibition of microorganism growth by TCP. Therefore, it was crucial to screen strains which could degrade both chlorpyrifos and its hydrolysis product TCP.
In this study, a chlorpyrifos degradating strain Pseudomonas YF-5, has been isolated from pesticide polluted soil in preliminary experiments. The coding gene (mpd) for methyl parathion hydrolase, which can degrade chlorpyrifos, was cloned in Pseudomonas YF-5. In order to simultaneously degrade chlorpyrifos and its intermediate metabolite, TCP, the methyl parathion hydrolase gene (mpd) and the TCP degrading gene (tcp3A) were incorporated into plasmid pET-Duet to generate plasmid pETDuetTM-mpd-tcp3A. The plasmid pETDuetTM-mpd-tcp3A was then inserted into E.coli BL21 (DE3) to construct a genetically engineered strain capable of co-expression of methyl parathion hydrolase and TCP hydrolase. This study provides an efficient strategy to biodegrade chlorpyrifos and TCP by the construction of a genetically engineered bacterial strain.
Materials and methods
Bacterial strains and plasmids E.coli BL21(DE3) and E.coli DH5α (Tiangen) were used throughout the experiement as the expression host and cloning host, respectively. Plasmid pETDuet TM (Tiangen) was used for the coexpression of the mpd gene and the tcp3A gene. Plasmid T-mpd carrying the mpd gene and T-tcp3A carrying the tcp3A gene (GeneBank: GQ451605) [14] were used as the PCR templates. Additional reagents rTaq DNA polymerase, T4 DNA ligas, HindⅢ, Bam HⅠ, XhoⅠ, and NdeⅠ were obtained from TaKaRa Biotechnology (Dalian) Co, Ltd.
Media and culture conditions
Chlorpyrifos (>98% purity) and 3,5,6-ttrichloro-2-pyridinol (TCP, >95% purity) were purchased from Jiangsu Hongjing Chemical Limited Company, Jiangsu, China. Methyl parathion was obtained from Shenyang Research Institute of Chemical Industry, Liaoning, China. All other reagents used in this research were of analytical grade.
Construction of the expression plasmids
PCR was utilized to amplify the mpd and tcp3A genes in order to construct an mpd and a tcp3A co-expression plasmid. The upstream and downstream oligonucleotide primers of the mpd gene were obtained: Pmpd-up: 5'-GAATTCATATGCCCCTGAAGAAC-3' and Pmpd-down: 5'-GAATTCTCGAG CTTGGGGTTGACGA CCG-3', and the HindIII restriction site and BamHⅠ restriction site (underlined) were inserted into these primers, respectively. Using plasmid pMD18-T-mpd as the PCR template to amplify the mpd gene, the PCR fragment was cloned into the HindIII -BamHⅠ restriction sites of pETDuet TM to produce recombinant plasmid pETDuet TM -mpd. The upstream and downstream primers of tcp3A gene were obtained: Ptcp3A -up: 5'-GAATTCATA TGCCCCTGAAGAAC-3, and Ptcp3A -down: 5'-GAATTCTCGAGCTTGGGGTTGACG CG-3', respectively. A NdeⅠ restriction site was inserted before the tcp3A start codon, in addition to a XhoⅠ restriction site at the stop codon (underlined). The PCR fragment was cloned into the NdeⅠ -XhoⅠ restriction sites of pETDuet TM -mpd to produce recombinant plasmid pETDuet TM -mpd-tcp3A. Simultaneously, the cloned PCR fragment was inserted into the NdeⅠ -XhoⅠ restriction sites of the pETDuet TM to build a recombinant plasmid pETDuet TM -tcp3A as a control. The construction scheme is shown in Figure1. Three recombinant plasmids were designed to generate a His-tag and S-tag sequences for detection and purification of target protein. The correct sequence of the insert was confirmed by gene sequencing. Expression research was conducted using E.coli BL-21(DE3). Transformation was performed according to the pET System Manual(10 th edn. TB055, Novagen2002). The plasmids pETDuet TM -mpd, pETDuet TM -tcp3A, and pETDuet TM -mpd-tcp3A were successfully transformed. One white colony was removed with a sterile toothpick from the LB Amp medium (LA) plates containing antibiotic, and inoculated into LA medium (200 rpm, 37℃ shake culture, 12 hours). PCR technology was utilized to choose the positive recombinant plasmid which included the target gene; The strans harboring the recomibinant plasmid were then induced by 1mM of IPTG for 7 hours in LB medium containing 50 μg mL -1 kanamycin at 37℃. The expression products were determined by 10% sodium sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Enzyme extract
The E.coli BL-21(DE3) harboring the recomibinant plasmid pETDuet TM -mpd-tcp3A was induced by 1mM of IPTG for 7 hours in LB medium containing 50 μg mL-1 kanamycin at 37℃, and the bacteria were collected by centrifugation and lysed by ultrasonic.
Quantification of chlorpyrifos and TCP
Chlorpyrifos residue was measured by high-performance liquid chromatography according to the National Standard GB/T14552-2003 "Measurement of organic phosphorus pesticides in water and soil by Chromatography."
The quantitative analysis was performed using gas chromatography HP 5890. A fused silica capillary column was employed (30 mm 0.25 mm 0.25μm, Shenyang Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang, China). The temperatures of the injection port and the detector were set to 240 C and 300 C, respectively. The oven temperature was increased linearly from 150 C to 260 C at a rate of 5 C min -1 . The detection limit of gas chromatography for chlorpyrifos was 0.001mg L -1 . A volume of 10 μL sample solution was injected into the injection port.
Result and discussion
Cloning the mpd gene and functional expression in E. coli According to the GenBank registered mpd gene sequence (No. AF338729), Pmpd-up and Pmpd-down PCR primers were used to amplify the full-length mpd gene, using the total DNA of pMD18-T-mpd as the template. Fig. 2 demonstrates the result of agarose gel electrophoresis; the amplified band was approximately 996bp in length. Subsequently, a comparison of experimental gene sequences with the gene sequences in GenBank demonstrates 99% similarity in the nucleic acid sequence of the mpd gene cloned from Stenotrophomonas sp. YC-1 [15] GenBank sequences (registration number: DQ677027) demonstrate 99% similarity with the mpd gene at the nucleic acid sequence cloned from the diphtheria mp-4 bacterial strain (GenBank registration No. AY627036). The gene sequence has been submitted to the GenBank database, registration number KF584916.
The mpd gene (after the deletion of the first 35 amino acids of the N-terminal) was cloned into the expression vector pETDuet TM , to construct the recombinant expression vector pETDuet TM -mpd. The plasmid pETDuet TM -mpd was digested using HindⅢ + Bam HⅠ.The result was verified with 1% agarose gel electrophoresis. One 996bp band and one linear pETDuet TM vector appeared after double digestion, indicating the successful construction of the pETDuet TM -mpd.
As shown in Fig. 3 , pETDuet TM -mpd was successfully introduced into the gene sequence of E.coli BL21(DE3), adding 1mM IPTG, induced 8 hours. Cells were disrupted by ultrasonic waves and then analyzed by SDS-polyacrylamide gel electrophoresis to determine total protein. These results indicate that the mpd gene in recombinant E.coli BL21(DE3) achieved a high level of expression.
tcp3A gene cloning and functional expression in E. coli According to the GenBank registered tcp3A gene sequence (GenBank accession no. GQ451605), Primers Ptcp3A-up and Ptcp3A-down were used to amplify the full length of the tcp3A gene, using pMD18-T-tcp3A carrying the tcp3A gene as the template. Agarose gel electrophoresis results, shown in Figure 4 , demonstrate that the amplified band was a 2.5kb amplified fragment. The tcp3A gene (after the deletion of the first 35 amino acids of the N-terminal) was cloned into the expression vector pETDuet TM , to construct the recombinant expression vector pETDuet TM -tcp3A . The resultant plasmid was digested using NdeⅠ and XhoⅠ and verified with 1% agarose gel electrophoresis. A 2.5kb band and a linear pETDuet vector appeared after double digestion, indicating the successful construction of vector pETDuet TM -tcp3A. As shown in Fig. 5 , pETDuet TM -tcp3A was inserted into E.coli BL21(DE3). After the induction by 1mM IPTG for 8 hours, cells were disrupted by ultrasonic waves and then analyzed by SDS-polyacrylamide gel electrophoresis to determine their total protein. These results indicate that the recombinant TCP achieved a high level of expression in E.coli BL21(DE3).
Construction and expression vector in E.coli BL21(DE3) with tcp3A and mpd gene co-expression
The recombinant plasmid pMD18-T-mpd and pETDuet TM was digested by HindⅢ and BamHⅠ, and the products were connected by T4 DNA Ligase. After DNA purification, positive recombinant plasmid pETDuet TM -mpd was obtained The recombinant plasmid pETDuet TM -mpd was digested using NdeⅠ and XhoⅠ; the tcp3A gene was then inserted into the plasmid pETDuet TM -mpd to build recombinant plasmid pETDuet TM -mpd-tcp3A. Verification by PCR confirmed that both the mpd gene and the tcp3A gene fragments were inserted in the recombinant plasmid. Then the plasmid pETDuet TM -mpd-tcp3A was transformed into E.coli BL21(DE3).As shown in Fig. 6 , the SDS-PAGE results indicate that after the induction of IPTG, the recombinant TCP and MPD achieved a high level of expression in E.coli BL21(DE3). Results indicate that when 0.3mL of the reaction system are added to 3mL crude enzyme solution, enzyme degradation efficiency is increased with time to 100 minutes. In 100 minutes, the use of MPH to degrade chlorpyrifos can result in up to 68.8% degradation, and the use of TCP enzyme to degrade TCP can result in 47.9% degradation.
(a) The degradation rate of MPH enzyme.
(b) The degradation rate of TCP enzyme. Fig. 7 The degradation rate of MPH and TCP enzyme in media Discussion 1. The mpd gene was cloned from plasmid T-mpd and expressed in E. coli BL21 (DE3). This mpd sequence was submitted to the GenBank database, registration number KF584916. 2. According to previous studies, the tcp3A gene was synthesized and cloned into the pETDuet plasmid to construct recombinant pETDuet-mpd-tcp3A, which was then inserted into E.coli BL21.
The results indicate that mpd and tcp3A achieved high expression, with the simultaneous degradation of chlorpyrifos and its intermediate metabolite, TCP. 3. Using the initial enzyme extract to degrade chlorpyrifos and TCP , the degradation rate can reach 68.8% and 47.9% in 100 minutes, respectively.
